Ageing is one of biology's longstanding enigmas-a problem that has perplexed both medical gerontologists and evolutionary biologists alike. One of the most prominent theories on the biochemical causes of ageing is the telomere-cell senescence theory. This theory proposes that ageing is due to the build up of telomere-induced senescent cells within the body. From an evolutionary standpoint, this system is thought to have evolved via antagonistic pleiotropy. Under this view, ageing is seen as a side effect of the telomere-cell senescence system, with the primary function of it being to defend against cancer. However, there are a number of problems with interpreting the system in this way, and several lines of evidence suggest that it was selected first and foremost to cause ageing. This logically entails the view that ageing is adaptive-an idea that is currently controversial.
Introduction
It is remarkable that after a seemingly miraculous feat of morphogenesis a complex metazoan should be unable to perform the much simpler task of merely maintaining what is already formed. 1 Ageing-a progressive decline in physiological functioningis an old problem in biology. 2, 3 The enigmatic nature of this problem is highlighted by the fact that immortality is able to be maintained at the cellular level; there is nothing inevitable about ageing. Unlike inorganic matter, organisms are not subject to unavoidable decay; they have the ability to regenerate and renew. Why and how organism's age are thus some of biology's most intriguing questions.
Why organisms age
Numerous theories exist as to why, on a biochemical level, organisms age. A comprehensive review undertaken almost two decades ago by Medvedev 4 catalogued more than 300 theories of ageing, thus illustrating how complex and multifactorial the process is. Despite such complexity, one theory of ageing has remained prominent in the field since its inception; the telomere-cell senescence theory. This theory posits that ageing is largely due to the accumulation of cells in the body which have undergone cell senescence activation by structures called telomeres.
Telomeres and the end-replication problem
Telomeres are regions of repeat DNA that cap the terminal ends of chromosomes, preventing inter-chromosomal fusion and ligation. 5 In many organisms, including humans, this repeat sequence is 5 0 -TAGGG-3 0 . 6 Telomeres shorten with each cell division in the majority of somatic cells due to the biochemistry of DNA replication. When a cell undergoes mitosis, its DNA is unwound and replicated by the enzyme DNA polymerase. DNA polymerase, however, is only able to proceed in the 3 0 -5 0 direction. To make a complementary strand on the 5 0 -3 0 template requires the action of RNA primers. These primers initiate the formation of DNA on the 5 0 -3 0 template strand and then DNA polymerase takes over, extending the DNA downstream in the 3 0 -5 0 direction. However, the DNA under the very last RNA primer is unable to be replicated because DNA polymerase is unable to synthesize DNA de novo. 6 This means that, at a minimum, the telomere of the daughter chromosome will be eight nucleotides shorter than the parent chromosome. 7 Since the RNA primer is not always at the most distal part of the template strand though, the whole Okazaki fragment can be lost, not just the DNA beneath the RNA primer. 7 For this reason, an average of 75 nucleotides is lost during each replication event. 8 The initial telomere length in a taxon is highly speciesspecific, and it even varies within a species. In humans, for example, the initial telomere length can vary from about 10 7 to 20 kb. 8 Telomere length also varies from chromosome to chromosome and even from one end of a chromosome to the other. It is when telomeres reach a critically short length (which is again species-specific) that cell senescence is induced. In humans, this critical telomere length is on average between 4 and 6 kb long. 9 It is likely that only one or a few telomeres in the cell must reach this critical length to induce the cell senescence programme. 10 Incidentally, the cell senescence programme can also be activated by factors other than telomeres. Cell senescence activated specifically by telomeres, however, is known as 'replicative senescence'. This term will be used interchangeably with the term 'telomere-cell senescence'.
Finally, it is worth noting that telomerase plays an important role in this elaborate system. Telomerase is the enzyme which extends the ends of telomeres, thereby preventing or slowing the rate of attrition. This ensures that telomeres remained capped and that genomic stability is preserved. Telomerase is active in the germ line and during embryogenesis which ensures that telomere attrition does not continue from generation to generation, but instead is limited to the lifetime of each individual. 11 Interestingly, despite not being expressed in the majority of somatic tissues, telomerase is expressed at low levels in many stem cell pools. 12 This low level of telomerase expression delays the rate of stem cell telomere attrition, although it does not prevent it altogether. Thus, stem cell pools are somewhat protected against cell senescence, but they are not immune from it-a factor that has important consequences for ageing.
How telomeres activate cell senescence
The mechanisms of telomere shortening have been discussed, but short telomere length per se does not explain how senescence is induced at the cellular level. A common misconception is that telomere erosion causes cells to malfunction because introns begin to be 'eaten into' during the DNA replication process. This is unlikely to be the case though since at the point of cell senescence, telomeres often have substantial lengths of DNA still remaining. In humans, for example, there are between 4 and 6 kb remaining at the time of cell senescence activation. 9 Telomeres must thus be mediating cellular senescence via other means.
There is now fairly strong evidence that telomeres primarily mediate cellular senescence via the action of a protein called p53. 12 The C-terminus of p53 is known to recognize and interact with damage to telomeric DNA. 5 Telomeric damage is likely to accumulate over time, since telomeres have a specific deficiency in repair enzymes. 7 Thus p53, being sensitive to telomeric damage, may be activated when the level of this damage reaches a critical point. If this scenario is correct, then short telomeres are purely correlational with the induction of p53. The possibility still remains, however, that short telomeres themselves are recognized as DNA damage by p53. 5 Under this scenario, telomere shortening is a causative rather than correlative factor in p53 activation. In sum, although the exact mechanisms remain to be fully elucidated, p53 is certainly activated by telomeres. 5 Once activated, p53 undergoes several modifications, enabling it to accumulate within the nucleus. One of the key post-translational modifications is phosphorylation by the ataxia-telangiectasia protein, which serves to protect p53 from its hdm-2-mediated degradation. 5 Being a transcription factor, p53 then binds to specific target genes within the nucleus. One of the key target genes that p53 activates is p21, a gene whose protein orchestrates cell cycle arrest. Normally, progression through the cell cycle is dependent on the action of cyclin-dependent kinases. However, the p21 protein inhibits these kinases, thereby preventing the transition of cells from the G1 to the S phase of the cell cycle. 6 In fact, p21 is able to halt cell cycle progression at both the G1 and the G2 checkpoints of the cell cycle. 13 Ordinarily, withdrawal from the cell cycle is temporary and cells resume mitosis upon repair of the damaged DNA. 6 Telomeric-induced p53, however, causes cells to produce proteins that repress the genes required for re-entry into the cell cycle. 10 Such cells are now viewed as 'senescent' and their continued expression of genes inhibiting cell cycle re-entry means they are in a state of permanent growth arrest. These cells are easily recognizable in vitro and in vivo as they adopt a characteristically large phenotype and express biomarkers such as b-galactosidase. They also undergo other complex changes in gene expression pattern and begin to secrete various factors, including inflammatory cytokines, matrix metalloproteinases and growth factors. 9, 10 These changes are stereotyped and predictable, and Ben-Porath and Weinberg 14 have described cell senescence as a 'fundamental cellular program'.
How cell senescence causes ageing
Senescent cells contribute to organismal ageing in a number of ways. As described above, the level of telomerase activity in stem cells is only enough to slow the rate of telomere attrition; it is not enough to prevent it altogether. This means that over time, stem cells activate cellular senescence and stem cell pools get irreversibly depleted. This leads to a progressive loss of tissue regeneration capacity which ultimately compromises organ architecture and function. 12 It seems that if all somatic stem cells had sufficient telomerase expression to maintain the ends of their telomeres, then indefinite tissue renewal (and therefore an indefinite lifespan) would be possible. 15 Recent evidence that mammalian lifespan is limited by telomerase activity (and therefore telomere attrition rate) comes from a study by Tomá s-Loba et al. 16 These authors demonstrated that over-expression of telomerase in mice results in longer telomeres and significantly delays ageing. Thus, in wild-type organisms, the low level of telomerase activity and the loss of stem cell pools appear to be responsible for tissue atrophy that occurs during the ageing process. Interestingly, several premature ageing syndromes are characterized by an accelerated rate of telomere attrition 17 and the progeroid disease 'Werner's syndrome' is characterized by a loss of somatic stem cells. 18 Senescent cells also have the potential to generate diverse age-related pathologies. Unlike cells that undergo apoptosis, senescent cells seem refractory to immune clearance meaning they accumulate within tissue. 19 Exactly why such cells are not purged from tissue is unclear, 10 although one possibility is that these cells produce secretions that promote immune evasion. 19 Since senescent cells evade the immune system, they accumulate within the body with age. This accumulation of senescent cells contributes to the ageing phenotype in a number of ways.
Senescent cells undergo a complex change in gene expression pattern. They begin to upregulate a number of protein secretions, some of which include inflammatory cytokines. Inflammatory cytokines mediate local inflammation, and one of the hallmarks of ageing is chronic inflammation. 12, 19 Senescent cells also secrete matrix metalloproteinases and growth factors, both of which can stimulate cell proliferation and migration; traits that fuel mutations and thus increase the risk of oncogenesis. 20 Other secretions from senescent cells have been shown to be capable of inducing the epithelial to mesenchymal transition, a process which confers invasive and metastasic properties on cells. These are defining features of malignancy. 19 There is thus good evidence that senescent cells promote another of the key age-related diseases; cancer.
In fact, senescent cells are likely to be instrumental in many other age-related diseases as well since they are often found in tissues of affected sites, for example, in cases of osteoarthritis and atherosclerosis. 19 Patients of Werner's syndrome, a progeroid disease whereby ageing is grossly accelerated, also accumulate senescent cells in their tissues prematurely. Again, this is likely to have a causal connection to the ageing-like pathologies they experience so early in life. 21 In sum, senescent cells remove the tissue's ability to renew and regenerate, and they accumulate within the body, thereby altering the histolic microenvironment promoting a variety of age-related pathologies.
How ageing evolved
In contrast to biochemical explanations of ageing (which concern questions of proximate causality), evolutionary explanations of ageing concern questions of ultimate causality. For the past 50 years, two theories on the ultimate cause of ageing have dominated evolutionary discussions of senescence: the mutation accumulation theory and the antagonistic pleiotropy theory.
The mutation accumulation theory proposes that ageing is due to the build up of deleterious germline mutationsmutations that are only expressed at the latter stages of an organism's life. 22 Since an organism is likely to have died due to predation, disease or natural accidents by these ages, the force of selection is too attenuated to oppose their spread. Ageing is thus able to evolve in even a potentially immortal population by the accumulation of these agespecific mutations over successive generations.
Antagonistic pleiotropy centres on genetic effects that enhance fitness early in life but depress it late in life. 1 Such mutations are able to spread because the force of selection is stronger earlier in life, since more individuals are alive at this stage than at later ages. In sum, both of these theories view ageing as maladaptive, and in neither case is ageing thought to have been directly selected for.
The mutation accumulation theory and the antagonistic pleiotropy theory are hypothetico-deductive in nature, 23 meaning that when first conceived they were deduced from assumed laws or premises rather than from empirical observations. 24 Hypothetico-deductive theories (by definition) have strong theoretical backing, and indeed the aforementioned theories of ageing were rooted in population genetics several decades ago. 21, 25, 26 However, these decades witnessed a paucity of research into the biochemistry of ageing. The two mainstream evolutionary accounts of ageing, then, were deeply entrenched in sophisticated theory some time before there was evidence to back them up.
This situation is not problematic as long as theories such as those above function solely as stimuli for research. It is only when such theories are not treated tentatively, but instead prematurely accepted, that problems arise. The reason for this is that when theories are accepted by the scientific community, they become the standard paradigm for the discipline in question. Once a paradigm is established, it begins to dictate how empirical data are interpreted. 27 Since hypothetico-deductive theories do not arise from empirical observations, but from assumed laws or premises, it is thus crucially important that they receive empirical verification before being used as the standard explanatory tool of the discipline.
With regard to the mutation accumulation theory and the antagonistic pleiotropy theory, it seems that they have been adopted as gerontology's paradigm largely by default (due to the lack of alternatives) rather than for any compelling evidential reasons. All empirical data are now first and foremost, and almost always, interpreted in the light of one or the other of them. This acceptance has been premature, 28 however, and it is clear that accommodation of the telomere system into this mainstream paradigm is strained at best. 
Telomeres and evolution
Under traditional evolutionary gerontology, there are only two ways that telomere-induced cell senescence could have evolved, via mutation accumulation or antagonistic pleiotropy. Whether the system is satisfactorily explicable in terms of either of these theories will be explored.
Replicative senescence as a result of mutation accumulation
The mutation accumulation theory assumes that in the wild most organisms are dead before they reach the late ages of life. For this reason, deleterious age-specific alleles can build up, unopposed by selection, to eventually cause ageing. In the light of current knowledge, however, this theory as an explanation of how the telomere system evolved is untenable. The telomere system is complex, hierarchical, integrated and finely regulated. That such sophistication could be the result of unguided mutation accumulation is entirely implausible. Indeed, rather than being indicative of the absence of selection, these features are hallmarks of its moulding hand. As Mitteldorf 28 put it, replicative senescence 'is so transparently deliberate that there can be no doubt of its origin as an adaptation shaped by selection'.
Replicative senescence as a result of antagonistic pleiotropy
Since the mutation accumulation theory is an untenable explanation of replicative senescence, the only other mainstream alternative is antagonistic pleiotropy. Here one must argue that replicative senescence confers an adaptive advantage earlier in life, and that ageing is but an incidental late life side effect of the programme. This is a more viable option, since it grants that the moulding hand of selection has played a role. Not surprisingly, then, this is the position taken by the majority of evolutionary gerontologists. It is proposed that the primary function of the telomere system is its role as a natural defence against cancer. 29 The basic idea here is that telomere attrition restrains the growth of tumours by limiting the replicative capacities of transformed cells. Once the maximum number of doublings has been reached, telomeres induce cell senescence, thereby permanently removing such cells from the cell cycle. In this way, telomerase repression, by allowing telomere attrition, acts as a barrier to uncontrolled proliferation. 17 Under antagonistic pleiotropy, the later effects of replicative senescence (i.e. ageing) are seen as secondary side effects-effects that have been allowed to persist because selection at older ages is weak.
The hypothesis that telomere-induced cell senescence is instrumental in the suppression of cancer has strong evidence and is uncontroversial. 17 Tumourigenic human cells activate both the p53 and the p21 pathways discussed above, 30 and one of the hallmarks of malignancy is the ability to overcome replicative senescence by the reactivation of telomerase. 31 Thus, replicative senescence (unless subverted) is an effective barrier to malignant transformation. So the telomere-induced cell senescence has a function outside ageing, and this function is adaptive.
Problems with the idea that telomeres evolved as an anti-cancer strategy It might seem easy to suppose now that the telomere system evolved under antagonistic pleiotropy-having been selected for its beneficial function early in life at the expense of causing ageing later in life. 29, 32 Although this explanation for how the telomere system evolved is widely accepted, this may largely be due to metaphysical considerations rather than scientific ones. Indeed there are some glaring problems with interpreting the telomere system in this way, all of which are discussed below. The fact that such an interpretation still persists, then, suggests that commitment to the prevailing paradigm has taken precedence over an objective reading of the evidence.
Replicative senescence does not correlate with cancer risk
If replicative senescence evolved as an anti-cancer strategy, one would expect that there is a correlation between the level of telomerase activity and an organism's risk of cancer. This does hold true for some species such as mice, and in the previously cited study by Tomá s-Loba et al., 16 genetically engineered cancer-resistant mice had to be used in order to see the effects of increased telomerase activity. However, there are also examples where this prediction seems patently false. Telomerase activity is high in the somatic tissues of organisms which do not appear to age, such as the rainbow trout and the lobster. 33, 34 Libertini 35 states that the low cancer risk in these organisms is evidenced by the fact they show negligible senescence. High levels of telomerase activity have also been found in several long-lived bird species, including Leach's storm petrels, again suggesting that high telomerase activity does not correlate with high cancer risk. 36 The situation in mammals is similar: some of the longest-lived species within Rodentia such as the naked mole rat and the grey squirrel have high telomerase activity in their somatic tissue. 37 As suggested above, these data indicate that high telomerase activity does not pose a great cancer risk. In fact, telomerase can protect against cancer because it maintains telomeric, and thus chromosomal integrity. 35 When telomere uncapping occurs, telomeres from different chromosomes begin to fuse, causing genomic instability. This instability disrupts the expression of genes involved in growth control, which ultimately leads to tumourigenesis. 38 Thus, the idea that telomerase activity removes a barrier to oncogenic risk is only half the story; it may remove a barrier, but it simultaneously erects another. This fact is not often discussed in the mainstream literature on ageing.
Replicative senescence is not the only solution to cancer
It is also worth noting that even if telomerase did not serve a protective function, and its increased expression did inevitably lead to cancer, then the above data (where long-lived organisms had high telomerase expression) would suggest that alternative anti-cancer defences exist-defences that do not come at the cost of ageing. Gorbunova and Seluanov 37 suggest that body mass may be one important alleviation factor. Small organisms have a reduced probability of spontaneous tumour formation because they possess fewer cells. This may counteract any negative effects of continued telomerase expression.
However, there are likely to be more direct strategies and body mass is likely only part of the story. The fact that organisms such as the grey squirrel and the naked mole rat are able to live for over 20 years, despite high telomerase activity, would indicate that they are utilizing other, telomere-independent, tumour suppressor strategies. 37 Such strategies clearly do not come at the cost of accelerated ageing. Additionally, if cancer risk does increase with size, then it is likely that Bowhead whales, which can live for up to 200 years, 37 have also evolved additional anti-cancer strategies that do not come at the cost of accelerated ageing.
To bolster the above claim of alternative anti-cancer strategies, it is worth noting that telomere-induced cell senescence is not the only solution to tumourigenesis possible. Tumours are primarily the result of DNA damage, and the accumulation of such damage is not biologically unavoidable. Many organisms show negligible senescence, and even negative senescence, 39 which indicates that some organisms must possess alternative methods of damage resistance. In fact, a greater investment in DNA repair mechanisms can produce a much longer lived organism. Humans, for example, live much longer than mice because they have much more efficient DNA maintenance and repair mechanisms, a trait which is genetically determined and thus evolutionarily malleable. 40 Embryonic stem cells also have lower mutation frequencies, which owe to their superior mechanisms of minimizing oxidative stress. As soon as the cells begin to differentiate, however, these repair mechanisms get tuned down. 41 This shows that mutations are not inevitable and that organisms are able to cut the risk of cancer in other ways.
In sum, there are no insurmountable constraints that restrict an organism to using replicative senescence as an anti-cancer strategy. The fact that DNA damage, and thus tumours, can be overcome via other routes that do not come at the cost of ageing suggests that telomere-dependent senescence has not primarily been selected for its anti-cancer effects. Goldsmith 42 has noted that within traditional evolutionary gerontology (specifically antagonistic pleiotropy), it is thought to be impossible to evolve a beneficial effect without incurring a cost. Clearly, the evidence does not support this conclusion, however. Organisms can evolve both a long life and alternative anti-cancer defences. The fact that they do not, then, suggests that the telomere system is primarily an ageing mechanism, and its usefulness as a defence against cancer is a secondary function. Thus ageing is best explained as an adaptation rather than an epiphenomenon.
Replicative senescence has features necessary for ageing but not for cancer defence Following growth arrest, senescent cells undergo complex alterations in their gene expression patterns whereby the transcription and synthesis of many proteins get upregulated. 19 These proteins, which include epithelial growth factors, matrix metalloproteinases and inflammatory cytokines, get secreted into the extracellular environment. 29 As described above, such secretions alter the tissue microenvironment and eventually cause tissue decline and organismal ageing. The presence of these cellular secretions also predisposes neighbouring cells, whether normal or premalignant, to malignant transformation. 20 It was demonstrated previously that the cell senescence programme looks entirely programmed. This programming also extends to the aforementioned complex post-senescent regulatory changes within the cell. Whether cells have senesced prematurely or not, and regardless of the tissue of origin or the trigger, senescent cells undergo predictable post-secretory changes. This phenotype is under transcriptional control and thus seems every bit a product of selection as the earlier stages of the programme, so much so in fact that it has been likened to programmed cell death. 14 The secretions mentioned above do not seem to play any adaptive role in suppressing tumourigenesis though; to the contrary, they actually promote cancer. This casts doubt on the idea that it was primarily selected for this purpose.
To solve this paradox, it has been argued that all the negative effects of the senescent cell secretions are confined to late life, thereby being largely out of the reach of selection. 19, 32 First, this claim is far from clear. Senescent cells are able to disrupt the tissue architecture of not only old, but also young (normal) tissues. 20 Secondly, regarding oncogenesis, senescent cells are able to stimulate tumour growth within a time frame between several days and several months. 43 It is not at all clear that these effects are entirely confined to late ages that are rarely seen in the wild.
Even if one does grant that none of the secretory changes exerts an effect until late in life, ceteris paribus, the data would still be better suited to a hypothesis that viewed ageing as a direct product of selection rather than an 44 who wrote extensively on the nature of scientific theories, held that explanatory power was a key virtue of any scientific theory. With respect to this criterion, the theory that ageing has been directly selected for is certainly preferable. The secretory changes that cause tissue and organismal decline are not only explained, but they are also predicted under the view that telomere-induced cell senescence is an actual adaptation for ageing, rather than just causing it as a by-product. Indeed, such pre-programmed detrimental effects are inexplicable on the view that replicative senescence is first and foremost a tumour defence strategy. There would be no reason for a tumour suppression mechanism to reprogramme the genome and upregulate noxious secretions. Thus, the theory that ageing has been the direct object of selection (and hence that the primary function of the telomere programme is to cause ageing) has greater explanatory scope than the alternative view that ageing is an epiphenomenon of selection acting on other traits, such as ability to suppress cancer. Indeed, it solves a puzzle that the competing theory leaves unanswered.
epiphenomenon. Popper,

The ancestral role of telomeres
One final point worth mentioning is the ancestral role of telomeres. Telomeres are not an exclusively multicellular trait; they are also found in contemporary single-celled organisms such as yeasts and protists. 18, 28 Although contemporary single-celled organisms have undergone hundreds of millions of years of evolutionary change since the last common ancestor of uni-and multicellular organisms, they are still instructive in this area since unicellularity is ancestral to mutlicellularity.
In contemporary yeast, telomeres play no role in cancer defence (since single-celled organisms do not develop cancer), but they do mediate ageing. The exact mechanisms of telomeric ageing in these single-celled organisms is different from the telomeric ageing described above, since these organisms do not have a cell senescence programme homologous to the multicellular programme. The important point to note, however, is that telomeres (and the repression of telomerase) are instrumental in ageing in these cells. Given that these organisms do not develop cancer, it is likely that the primary role of the system is to limit the replicative lifespan of the organism. If this is representative of the ancestral function of telomeres, then it would seem hasty to write off an analogous primary function in multicellular organisms.
Summary
The key question of the previous section was whether the telomere-cell senescence programme can be accommodated within the current gerontological paradigm. The mutation accumulation theory cannot explain the telomere-cell senescence system since the latter bears all the hallmarks of active selection. The antagonistic pleiotropy theory is more viable since it grants that selection has played a role. However, accommodation into this theory is rather forced. A lack of replicative senescence does not necessarily increase the risk of cancer, and even if it did, alternative methods of tumour suppression exist. Given these facts, it is highly unlikely that the reason organisms have evolved a limited lifespan is because this reduces their risk of cancer. Furthermore, senescent cells adopt a phenotype which actually promotes cancer and tissue degeneration. If the system was selected first and foremost as a cancer defence strategy, it is not clear why selection has not altered this post-secretory phenotype, or at least caused the immune system to efficiently remove such cells from the tissue, as it does for apoptotic cells. Finally, the ancestral function of telomere shortening appears to be to cause ageing (not defend against cancer), which suggests that an analogous primary function in multicellular organisms is certainly a possibility.
Conclusion
Mitteldorf 28 laments that the antagonistic pleiotropy theory has been 'treated as a fixed framework within which the new data must be accommodated'. It certainly seems the case that the telomere-cell senescence system has been explained as a result of antagonistic pleiotropy not because the data command this interpretation, but because this interpretation is the only one that fits within the mainstream paradigm. Historically speaking, there are many instances where the prevailing scientific paradigm of the day has dictated how data are interpreted. Kuhn went so far as to claim that this was the normal process of science. Specifically, he wrote:
Closely examined, whether historically or in the contemporary laboratory, [normal science] seems an attempt to force nature into the preformed and relatively inflexible box that the paradigm supplies. No part of the aim of normal science is to call forth new sets of phenomena; indeed those that will not fit in the box are often not seen at all. Nor do scientists normally aim to invent new theories. . . . Instead, normal scientific research is directed to the articulation of those phenomena and theories that the paradigm already supplies. 45 Kuhn's statement may have been an overgeneralization, but it is fair to say that it does accurately characterize many parts of scientific endeavour. As highlighted above, the antagonistic pleiotropy theory has generally been used unquestioningly as the explanatory tool and this has led to several fairly significant inconsistencies being overlooked. Le Bourg 46 notes that one reason such inconsistencies are tolerated is because better theories are not available. However, a number of authors have in fact formulated explanations that lie outside gerontology's contemporary paradigm. 47 -50 These authors propose that ageing has been the direct object of selection; an idea that logically entails the view that ageing is adaptive. Adaptive explanations of ageing are diverse. For example, Longo 50 suggests that a death programme has been selected for in yeast because when some members of the population die, remaining individuals are able to enjoy an enhanced nutritional environment and increased growing space. Mitteldorf, 48 on the other hand, suggests that ageing may have evolved to prevent populations from outgrowing their habitat and food supply, which in turn protects populations from the threat of extinction. Although adaptive theories of ageing such as these describe well the empirical data, they often require group-level selection arguments for their justification, and for this reason, they remain unpopular. Given the empirical discrepancies of the current mainstream theories, though, it would seem hasty to write off any alternatives.
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